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F. Le Diberder,35 V. Lepeltier,35 A. M. Lutz,35 A. Oyanguren,35 T. C. Petersen,35 M. Pierini,35 S. Plaszczynski,35

S. Rodier,35 P. Roudeau,35 M. H. Schune,35 A. Stocchi,35 G. Wormser,35 C. H. Cheng,36 D. J. Lange,36 M. C. Simani,36

D. M. Wright,36 A. J. Bevan,37 C. A. Chavez,37 J. P. Coleman,37 I. J. Forster,37 J. R. Fry,37 E. Gabathuler,37 R. Gamet,37

K. A. George,37 D. E. Hutchcroft,37 R. J. Parry,37 D. J. Payne,37 C. Touramanis,37 C. M. Cormack,38 F. Di Lodovico,38

C. L. Brown,39 G. Cowan,39 H. U. Flaecher,39 M. G. Green,39 P. S. Jackson,39 T. R. McMahon,39 S. Ricciardi,39

F. Salvatore,39 D. Brown,40 C. L. Davis,40 J. Allison,41 N. R. Barlow,41 R. J. Barlow,41 M. C. Hodgkinson,41

G. D. Lafferty,41 M. T. Naisbit,41 J. C. Williams,41 C. Chen,42 A. Farbin,42 W. D. Hulsbergen,42 A. Jawahery,42

D. Kovalskyi,42 C. K. Lae,42 V. Lillard,42 D. A. Roberts,42 G. Blaylock,43 C. Dallapiccola,43 S. S. Hertzbach,43 R. Kofler,43

V. B. Koptchev,43 X. Li,43 T. B. Moore,43 S. Saremi,43 H. Staengle,43 S. Willocq,43 R. Cowan,44 K. Koeneke,44 G. Sciolla,44

S. J. Sekula,44 F. Taylor,44 R. K. Yamamoto,44 H. Kim,45 P. M. Patel,45 S. H. Robertson,45 A. Lazzaro,46 V. Lombardo,46

F. Palombo,46 J. M. Bauer,47 L. Cremaldi,47 V. Eschenburg,47 R. Godang,47 R. Kroeger,47 J. Reidy,47 D. A. Sanders,47
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58Università di Perugia, Dipartimento di Fisica, Italy and INFN, I-06100 Perugia, Italy
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The branching fraction of the �� ! 3h�2h��� decay (h � �;K) is measured with the BABAR detector
to be �8:56� 0:05� 0:42� � 10�4, where the first error is statistical and the second systematic. The
observed structure of this decay is significantly different from the phase space prediction, with the �
resonance playing a strong role. The decay �� ! f1�1285�����, with the f1�1285� meson decaying to
four charged pions, is observed and the branching fraction is measured to be �3:9� 0:7� 0:5� � 10�4.

DOI: 10.1103/PhysRevD.72.072001 PACS numbers: 13.35.Dx, 14.60.Fg
The high-statistics sample of � pair events collected by
the BABAR Collaboration allows detailed studies of rare
decays of the � lepton. This paper presents a measurement
of the �� ! 3h�2h��� decay (h � �;K) from a sample
of over 34 000 such decays [1]. The large data set allows a
first look into the decay mechanism and the search for
resonant structure of the �� ! 3h�2h��� decay mode.
The best previous measurement of the �� ! 3h�2h���
branching fraction is �7:7� 0:5� 0:9� � 10�4, based on
295 events by the CLEO experiment [2].

Tau decays to one and three charged hadrons have been
used to test the standard model, measure the masses of the
�� and ��, study the properties of low-mass resonances,
test CP violation in the lepton sector, and search for new
physics. Moreover, the semileptonic decays of the � lepton
are ideal for studying strong interaction effects (for ex-
ample, see Ref. [3]) as they probe the matrix element of the
left-handed current between the vacuum and the hadronic
state [4]. The results presented in this paper suggest that
further studies will be possible with �� ! 3h�2h���
decays.

This analysis is based on data recorded by the BABAR
detector at the PEP-II asymmetric-energy e�e� storage
ring operated at the Stanford Linear Accelerator Center.
The data sample consists of 232:1 fb�1 recorded at center-
of-mass energies (

���

s
p

) of 10.58 GeV and 10.54 GeV be-
tween 1999 and 2004. With a luminosity-weighted cross
section for �-pair production of ��� � �0:89� 0:02� nb
[5], this data sample contains approximately 400� 106 �
decays. Monte Carlo simulation is used to evaluate the
background contamination and selection efficiency. The
� pair production is simulated with the KK2f Monte
Carlo event generator [5] and the � decays modeled with
Tauola [6] according to measured rates [7].

The BABAR detector is described in detail in Ref. [8].
Charged particle momenta are measured with a five-layer
double-sided silicon vertex tracker and a 40-layer drift
chamber inside a 1.5-T superconducting solenoidal mag-
net. A calorimeter consisting of CsI(Tl) crystals is used to
measure electromagnetic-shower energies, and an instru-
mented magnetic flux return (IFR) is used to identify
muons.

Since � pairs are produced back to back in the e�e�-
center-of-mass frame, the event is divided into two hemi-
spheres in the center-of-mass frame based on the plane
perpendicular to the thrust axis from the tracks in the event.
Each hemisphere is assumed to contain the decay products
of a single � lepton. The analysis procedure selects events
072001
with one track in one hemisphere (tag hemisphere) and five
tracks in the other hemisphere (signal hemisphere). All
tracks are taken as pions unless identified as an electron
or muon. The total event charge is required to be zero.

Charged particles are required to have momentum
greater than 0:1 GeV=c in the plane transverse to the
beam axis. The distance of the point of closest approach
of the track to the beam axis must be less than 1.5 cm (dXY).
In addition, the z coordinate (along the beam axis) of the
point of closest approach of the track must be within 10 cm
of the z coordinate of the production point.

The background from non-� sources (in particular,
Bhabha scattering and two-photon production) is reduced
by requiring the magnitude of the thrust (T) of the event to
be between 0.92 and 0.99. The ratio pT=Emissing is also used
to reduce the background from two-photon production,
which tends to have low pT and high Emissing. The pT is
the transverse component of the vector sum of the mo-
menta of all the charged particles in the event andEmissing is
the missing energy in the event. Events are retained if they
satisfy the following criteria:

�pT=Emissing > 0:3 and 0:92< T < 0:93� or

�pT=Emissing > 0:2 and 0:93< T < 0:94� or

�pT=Emissing > 0:1 and 0:94< T< 0:95�:

There is no requirement on pT=Emissing if the thrust is
between 0.95 and 0.99.

Furthermore, reduction of the non-� background is made
by requiring that the track in the tag hemisphere be iden-
tified as an electron or a muon and that the momentum of
the track in the center-of-mass frame be less than 4 GeV=c.
Electrons are identified with the use of the ratio of energy
measured by the calorimeter to track momentum (E=p),
the ionization loss in the tracking system (dE=dx), and the
shape of the shower in the calorimeter. Muons are identi-
fied by hits in the IFR and energy deposits in the calorime-
ter consistent with the minimum energy hypothesis.
Residual background from multihadronic events is reduced
by requiring that there be at most one electromagnetic
calorimeter cluster in the tag hemisphere with energy
above 0.05 GeV. Further, the total neutral energy in the
tag hemisphere must be less than 1 GeV.

Additional criteria are applied to the five track system in
the signal hemisphere to reduce background from photon
conversions. The event is rejected if any of the tracks is
identified as an electron or if any pair of oppositely charged
-4

http://dx.doi.org/10.1103/PhysRevD.72.072001


STUDY OF THE �� ! 3h�2h��� DECAY PHYSICAL REVIEW D 72, 072001 (2005)
tracks is consistent with originating from a photon conver-
sion. The invariant mass of the five charged particles is
required to be less than 1:8 GeV=c2. All invariant masses
shown are calculated assuming that the particles are pions.

It is also required that there be no �0 candidates in the
signal hemisphere. A �0 candidate consists of two clusters
in the electromagnetic calorimeter that are not associated
with any track. Each cluster is required to have an energy
of at least 0.050 GeVand the two clusters have a combined
invariant mass between 0.115 and 0:150 GeV=c2. In addi-
tion, any remaining clusters with energy greater than
0.5 GeV that are not associated to a track are considered
a �0 candidate.

A total of 20 920 and 13 929 events are selected when an
electron or muon, respectively, are identified in the tag
hemisphere.

The selection efficiency is defined as the number of
events with a �� ! 3h�2h��� decay in signal hemisphere
and a tau leptonic decay in the tag hemisphere divided by
the number of � pair events with a �� ! 3h�2h���. The
branching fraction of the � leptonic decay mode [7] is
incorporated into the selection efficiency. The efficiencies
are �4:71� 0:05�% and �3:03� 0:04�% in the electron and
muon samples, respectively. The efficiencies are obtained
from the Monte Carlo simulation and the quoted uncer-
tainty is the Monte Carlo statistical error.

The background in the selected sample comes from
other � decays and multihadronic events. The background
percentages in the electron and the muon tag samples
estimated from the Monte Carlo simulation are �20:6�
2:0�% and �21:7� 2:1�%, respectively. The errors are the
combined statistical and systematic uncertainties. The
sources of background in the electron tag sample can be
broken down into the following categories: �� !
3h�2h��0�� decays (7.2%), � decays with one or three
tracks and at least one �0 (6.3%), � decays with a K0

S
(4.9%), multihadronic events (1.8%, primarily cc events),
and a residual amount from other � decays (0.5%).
Background from Bhabha scattering and two-photon pro-
duction is negligible. The relative uncertainties range be-
tween 15% and 20% for each background and reflect the
statistical precision of the data and Monte Carlo samples
used to evaluate the backgrounds. The backgrounds in the
muon tag sample are very similar.

In order to validate our Monte Carlo simulation for the
background contamination we use experimental data
samples where the particular background is enhanced.
The uncertainty on the �� ! 3h�2h��0�� background
is estimated to be 20% by comparing the number of �0

mesons reconstructed in five charged track sample in the
data and Monte Carlo simulation. The background from
�� ! h��� 1�0��� and �� ! h�h�h��� 1�0��� arises
when one or both of the photons from the decay of a �0

converts to an e�e� pair or from a �0 ! e�e�� decay.
The uncertainty on this background is estimated to be 15%
072001
from the number of conversions and number of tracks
identified as electrons.

Background can also arise from �� ! ��K0
SK

0
S�� and

�� ! h�h�h�K0
S�� decays, both of which have been

observed by other experiments [7]. The background from
these decays is determined by fitting the mass distribution
of ���� pairs to obtain an estimate of the number of K0

S
mesons. The background estimation uses the Monte Carlo
prediction for the �� ! ��K0

SK
0
S�� decay modes. The

�� ! h�h�h�K0
S�� decay mode is not simulated and

the background is assumed to be the excess of K0
S mesons

in the data over the Monte Carlo prediction. The uncer-
tainty in the background from � decays with K0

S mesons
was found to be approximately 20% and includes contri-
butions from the statistical uncertainties of the fits to the
mass distribution of ���� pairs and the branching ratios
of the background decay modes. In addition, checks were
made to ensure that the K0

S background was from � decays
and not multihadronic events.

The background from multihadronic events was esti-
mated from the number of events for which the recon-
structed mass of the five tracks is above the � mass, and
also from the number of events with more than one elec-
tromagnetic cluster in the tag hemisphere. The uncertainty
in the multihadronic background is estimated to be 20%.

The branching fraction is defined as B � Nsel�1�
fbkgd�=�2N�� where Nsel is the number of selected events,
N is the number of tau pair events determined from the
cross section and luminosity, fbkgd is the fraction of back-
ground, and � is the efficiency for selecting �� !
3h�2h��� and lepton events.

The branching fraction of the �� ! 3h�2h��� decay is
found to be �8:53� 0:06� 0:42� � 10�4 and �8:73�
0:07� 0:48� � 10�4 for the data selected by the electron
and muon tags, respectively. The first uncertainty is the
statistical error and the second systematic. The average
branching fraction is �8:56� 0:05� 0:42� � 10�4 where
the correlation between the systematic errors in the elec-
tron and muon tag results is taken into account. Our value
of the branching fraction is in good agreement with the
Particle Data Group fit value of �8:2� 0:6� � 10�4 [7].

The systematic error includes contributions from the
efficiency for reconstructing the six tracks in the event
(3.1%), the background in the sample (2.4%), the luminos-
ity and ����cross section (2.3%), the �0 finding algorithm
(2.0%), and the lepton identification in the tag hemisphere
(1.0% for electrons and 2.5% for muons).

The error on the efficiency for reconstructing a track is
estimated to be 1.2% for tracks with pT < 0:3 GeV=c and
0.5% for tracks with pT > 0:3 GeV=c. The errors were
obtained from comparison of efficiencies of the standalone
track reconstruction in the silicon vertex tracker and the
drift chamber, and confirmed by an independent analysis of
� decays into three charged particles and a neutrino.
Variation of selection cuts such as the minimum transverse
-5
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FIG. 2. Reconstructed mass of h�h� pairs in the five tracks in
the signal hemisphere. The data are shown as points with error
bars. The unshaded and shaded histograms are the signal and
background predicted by the Monte Carlo simulation. The peak
at 0:5 GeV=c2 is due to K0

S mesons that are not rejected by the
selection. There are six entries per event.
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momentum of the track, the number of tracks with hits in
the silicon vertex tracker, and the sum of the dXY of the five
tracks resulted in a negligible change in the branching
fraction.

Variation of the selection criteria produced consistent
results for the branching fraction. In addition, the selection
efficiency was found to have no dependence on the recon-
structed mass of the five tracks.

In Fig. 1, the distribution of the invariant mass of the five
charged particles in the signal hemisphere is presented.
The discrepancy between Tauola, which uses a phase space
distribution for �� ! 3��2���� [6], and the data is
believed to be due to resonant contributions in the �� !
3��2���� decay mode. There are three allowed isospin
states for this decay mode (see Ref. [9]) and two of these
isospin states have particles with quantum numbers of the
� meson. Figure 2 shows the mass of h�h� pair combina-
tions where the shoulder at 0:77 GeV=c2 suggests a strong
contribution from the � resonance.

No attempt was made to extract the fraction of �mesons
as no model for resonant structure of the �� ! 3h�2h���
decay exists. Such a model would need to include the three
allowed isospin states and the admixture of the isospin
states could be extracted from this data sample as it was
done for �� ! h�h�h��� [10].

The data sample can also be used to study the �� !
f1�1285����� decay, where the f1�1285� decays into a
2��2�� final state. In Fig. 3, the invariant mass of the
2h�2h� particle system is plotted for data. The fit to the
data uses a second-order polynomial distribution for the
background and a Breit-Wigner for the peak region. The
Breit-Wigner is convoluted with a Gaussian distribution
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FIG. 1 (color online). Invariant mass of the five charged par-
ticles in the signal hemisphere after all other selection criteria
(except the mass requirement) are applied. The points are the
data and the histogram is the Monte Carlo simulation for both the
electron and muon tag samples. The unshaded and two shaded
histograms are the signal, tau, and multihadronic background
events, respectively. The arrow indicates the selection require-
ment applied to the samples. The Monte Carlo sample is nor-
malized to the luminosity of the data sample.
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with a standard deviation corresponding to the expected
mass resolution. The background distribution was deter-
mined by fitting the region between 1.1 and 1:4 GeV=c2

excluding the f1�1285� peak (1:25-1:31 GeV=c2).
A total of 1369� 232 �� ! f1�1285����� decays are

obtained from the fit. The fraction of �� ! f1�1285�����
decays found in the �� ! 3h�2h��� sample is measured
to be �0:050� 0:008� 0:005� and the branching fraction
of the �� ! f1�1285����� decay is calculated to be
�3:9� 0:7� 0:5� � 10�4. The branching fraction for the
f1�1285� ! 2��2�� decay used to calculate the �� !
f1�1285����� branching fraction is taken from the
Particle Data Group [7]. The first errors are the statistical
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are three entries per event.
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uncertainties obtained from the fit and the second errors are
the systematic uncertainties. The systematic uncertainties
include a contribution from the fit (10%) estimated by
studying the results of fits using different mass bins, back-
ground functions, and detector resolutions. The systematic
error on the branching fraction also includes the uncer-
tainty on the branching fractions of the �� ! 3h�2h���
(5%) and the f1�1285� ! 2��2�� decay modes (6%).

Checks confirmed that the f1�1285� signal did not arise
from multihadronic events. This was done by relaxing the
selection criteria in a way which increased the multiha-
dronic background and confirming that the f1�1285� signal
did not increase. In addition, the observation of the �� !
f1�1285����� decay was confirmed by looking at a data
sample with a hadron tag.

Our value of the �� ! f1�1285����� branching frac-
tion is in agreement with the result obtained by the CLEO
Collaboration, �5:8� 2:3� � 10�4, obtained using the
f1�1285� ! ��� decay mode [11]. It is also consistent
with a theoretical prediction of 2:91� 10�4 [12].

In summary, the BABAR Collaboration has measured the
�� ! 3h�2h��� branching fraction, B��� !
3h�2h���� � �8:56� 0:05� 0:42� � 10�4. The mass of
the five charged hadron system is not well described by a
phase space model. The invariant mass distribution of
h�h� pairs shows that the � meson is produced in the
�� ! 3h�2h��� decay. The decay �� ! f1�1285�����
is confirmed in the f1�1285� ! 2��2�� channel and the
072001
branching fraction measured isB��� ! f1�1285������ �
�3:9� 0:7� 0:5� � 10�4.
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